A number of proteins have recently been identified which play roles in regulating bone development. One important example is Indian hedgehog (Ihh) which is secreted by the prehyprtrophic chondrocytes. Ihh acts as an activator of a second secreted factor, parathyroid hormone-related protein (PTHrP), which, in turn, negatively regulates the rate of chondrocyte differentiation. Here we examine the expression of these genes and their molecular targets during different stages of bone development. In addition to regulating PTHrP expression in the perichondrium, we find evidence that Ihh may also act on the chondrocytes themselves at particular stages. As bone growth continues postnatally in mammals and the developmental process is reactivated during fracture repair, understanding the molecular basis regulating bone development is of medical relevance. We find that the same molecules that regulate embryonic endochondral ossification are also expressed during postnatal bone growth and fracture healing, suggesting that these processes are controlled by similar mechanisms.
Introduction
During embryogenesis, the development of the long bones takes place by a process called endochondral ossification (Erlebacher et al., 1995) . It starts with the aggregation of mesenchymal cells in the center of the developing limb bud which then differentiate into proliferating chondrocytes, forming the initial cartilage elements. Cells in the periphery of the cartilage elements flatten and stretch in a longitudinal direction, forming a dense sheet of connective tissue, known as the perichondrium, which encircles the chondrocytes and separates them from the surrounding tissue. At later stages, while chondrocytes at the distal ends continue to proliferate, chondrocytes in the center of the cartilage elements undergo further differentiation into hypertrophic chondrocytes, a process that includes exit from the cell cycle, enlargement of the chondrocytes themselves and a change in specific gene expression. The differentiation into hypertrophic chondrocytes is accompanied by the differentiation of mesenchymal cells in the perichondrium into osteoblasts. These osteoblasts form a ring of bone, the so called bone collar, which surrounds the hypertrophic region of the cartilage. The differentiation of hypertrophic cells is a prerequisite for the next step of bone development, the invasion of the hypertrophic cartilage by blood vessels and osteogenic cells resulting in the replacement of the cartilage by bone and bone marrow. As the central region ossifies, the zone of hypertrophic differentiation and the zone of active ossification shift further towards the distal ends of the skeletal elements where chondrocytes still proliferate. In the chicken system, long bone growth continues post hatching until the bones reach their final size (Wolbach and Hegsted, 1952 ). The proliferating chondrocytes are then completely replaced by bone and only articular cartilage remains at either end. Mice and other mammals differ slightly in that they postnatally develop a secondary ossification center at the extreme distal ends of the skeletal elements, which leaves a zone of proliferating and differentiating chondrocytes, the epiphyseal growth plate, in between the two ossification centers (Floyd et al., 1987) . The growth plate is responsible for postnatal growth until the ossification centers connect during puberty at which point, as in the chicken, the skeletal elements consist of bone flanked by caps of articular cartilage on either end.
In addition to taking place during the development of the long bones, endochondral ossification can occur all through life during the repair of bone fractures. Whereas during embryonic development the axial and apendicular skeleton is largely formed by endochondral ossification, much of the craniofacial skeleton is formed directly from mesenchymal condensations (intramembranous ossification). During fracture repair, however, bone, whether initially formed through intramembranous or endochondral ossification, behaves in a similar manner. Stabilized fractures without gaps heal by direct formation of bone with no or relatively small amounts of cartilage callus, whereas fractures that have gaps or are subject to movement form large amounts of cartilage which is subsequently replaced by bone in a process analogous to embryonic endochondral ossification.
The fracture repair process starts with the activation of an inflammatory cell response, called coagulation cascade, and the recruitment and proliferation of undifferentiated, mesenchymal cells from the tissue surrounding the fracture site. The resulting granulation tissue is the foundation for the subsequent healing process. In parallel, mesenchymal cells from the periosteum adjacent to the fractures site directly differentiate into osteoblasts and start to produce bone matrix (subperiostal bone or hard callus). In the second phase of repair, the undifferentiated mesenchymal cells in the granulation tissue next to the subperiostal bone differentiate into chondrocytes forming the soft, or fibrocartilagenous callus. As during embryonic endochondral ossification, the chondrocytes differentiate into hypertrophic cells, are invaded by blood vessels and are replaced by bone. During a third phase of the healing process this primary bone undergoes extensive remodeling until the original structure and shape of the bone is restored (Bolander, 1992; Sandberg et al., 1993) .
Although the process of endochondral ossification is very well described on a morphological level and a large number of markers for the different stages have been identified, the regulatory mechanisms which control it are still being elucidated. We recently cloned the chicken homolog of Indian hedgehog (Ihh) and showed that it provides one of the signals regulating embryonic endochondral ossification . Hedgehog genes encode secreted signaling proteins which play important roles in organizing a variety of embryonic patterning events (Hammerschmidt et al., 1997) . A number of genes have been identified which act downstream of the hedgehog proteins in responding cells, the best characterized being Patched (Ptc) Marigo et al., 1996b) and Gli (Ruppert et al., 1988; Marigo et al., 1996a) . Both genes appear to be necessary for target tissues to respond to hedgehog protein, and indeed are expressed at all known sites where hedgehog signaling occurs (Tabin and McMahon, 1997) .
During cartilage development Ihh is expressed by 'prehypertrophic chondrocytes', which are chondrocytes in transition between the proliferative and hypertrophic states. Misexpression of Ihh during the process of cartilage development in the chick embryo blocks this differentiation pathway, leading to excessive chondrocyte proliferation. The Ihh target genes Ptc and Gli are predominantly expressed in the perichondrium rather than in the cartilage itself. Therefore the primary target tissue of Ihh signaling is likely to be the perichondrium . The perichondrium produces a second secreted factor, parathyroid hormone-related protein (PTHrP) (Suva et al., 1987; Lee et al., 1995) , whose expression is inducible by Ihh . The receptor for PTHrP (PTH/PTHrP receptor) (Juppner et al., 1991) is expressed in early differentiating chondrocytes (Lee et al., 1995; Lanske et al., 1996) before they express Ihh . PTHrP signaling prevents the initiation of the hypertrophic differentiation process (Amizuka et al., 1994; Karaplis et al., 1994) . The fact that PTHrP and Ihh act in a common pathway was indicated by treatment of mouse limb cultures with hedgehog protein which prevents the differentiation of chondrocytes only in limbs of wild type animals but not in PTHrP −/− or PTH/PTHrP receptor −/− mice Vortkamp et al., 1996) . Thus, PTHrP acts downstream of Ihh to regulate the pace of chondrocyte differentiation.
Examination of the expression of these signaling molecules at various stages of bone development shows that they are expressed in early chondrocyte condensations and late during postnatal growth, in addition to the previously described stages of embryonic bone growth. Moreover, these factors are also found to be expressed during the process of fracture healing, indicating that the signaling molecules whose roles have recently been elucidated in an embryonic context may have clinical relevance.
Results and discussion

Ihh signaling during early and late stages of chick cartilage development
To analyze the role of Ihh during early stages of cartilage development we compared the onset of Ihh expression in chicken limbs with that of the downstream genes Ptc, Gli and Gli3, by in situ hybridization to serial sections of paraffin-embedded embryos at different stages. We found no sign of cartilage-related expression of Ihh, Ptc, Gli or Gli3 at stage Hamburger Hamilton (Hamburger and Hamilton, 1951 ) (HH) 25 in fore or hind limbs, although the skeletal elements have started to condense by this stage in the proximal limb. Ptc and Gli are, however, expressed in domains restricted to the posterior mesenchyme of the limb bud, while Gli3 is expressed broadly but is excluded from the most posterior distal region (Fig. 1) . These expression patterns are attributable to regulation by Shh, as previously described. (Marigo et al., 1996a,b; Platt et al., 1997) The first sign of Ihh expression in the developing skeletal elements is detected in the hindlimbs at stage 26 in the condensing cartilage (Fig. 1) . To get an indication of the potential target tissues of Ihh at this stage, we examined the expression of the downstream target gene Ptc. The probe we previously used for detecting Ptc gave a relatively weak in situ hybridization signal in sections. We therefore tried a number of alternative probes and found that a full length antisense Ptc transcript gives the strongest signal in developing cartilage elements. Using this probe we found that the regions of Ihh expression at stage 26 overlap with broader domains of Ptc expression where the cartilage elements are forming (Fig. 1) . In the forelimbs the expression of both genes is slightly delayed and first detectable between stages 26 and 27 (data not shown). As in the hind limbs, the expression of Ptc is wider than that of Ihh. The apparently simultaneous onset of expression of the two genes indicates that their expression is tightly linked. In only one example did we find faint Ptc expression in the mesenchyme of the forelimb without any sign of Ihh expression in the parallel section, indicating that Ptc might be expressed before Ihh. However, as Ptc expression in these early stages seems to be very strong and much wider than that of Ihh, we believe that Ptc induction is a very robust response to even low levels of Ihh At stage HH 25 no cartilage-related expression of the four genes was detected, however Ptc, Gli and Gli3 are seen in domains attributable to the regulation of Shh, as previously described (Marigo et al., 1996a,b; Platt et al., 1997) . Ihh starts to be expressed at stage HH 26 in the middle of the condensing cartilage elements and the expression gets broader and stronger as the cartilage elements grow (stages HH 27 and HH 30). The Ihh expression domain is overlapped by a broader expression of Ptc and Gli in the condensing chondrocytes and the surrounding tissue at stage HH 26. At stages HH 27 and HH 30, Ptc and Gli expression gets restricted mainly to the perichondrium and only a faint expression in the chondrocytes remains. Gli3 is expressed mainly in the perichondrium of the joint region from stage HH 26. In all figures anterior is up and posterior is down.
protein. Thus, it is likely that in this case the level of Ihh was either too weak to be detected or that the few cells that initially expressed Ihh in this condensation were limited to parallel slides which were hybridized with different probes.
The early onset of Ihh expression in the developing cartilage elements may indicate a previously unappreciated function of Ihh in regulating the early steps of chondrogenesis. Ihh could possibly serve to block hypertrophic differentiation during early cartilage stages until the condensations reach a critical minimal size. Alternatively, Ihh might have an additional role in regulating the proliferation and/or recruitment of chondrocytes during the early cartilage stages. The wider expression of Ptc indicates that the Ihh expressing chondrocytes as well as the surrounding differentiating cells are targets of the Ihh signal at these early stages of development.
At stage 27, when the Ihh expression gets stronger and wider in both fore and hindlimbs, Ptc expression fades in the chondrocytes themselves and becomes strongly expressed in the surrounding perichondrium. By stage 30 there is only a weak Ptc expression within the chondrocytes adjacent to the Ihh expression domain, however a very strong signal is detected in the surrounding perichondrium ( Fig. 1) . A very similar dynamic of the expression pattern is found for Gli, although Gli gets restricted earlier and more completely to the perichondrium than Ptc (see, for example, the femur and fibula in the stage 27 hind limb) (Fig. 1) . Gli3 on the other hand is not expressed in the early cartilage condensations, but its expression is restricted to the perichondrium. At stage 30 however, weak expression of Gli3 can be detected in the most distal chondrocytes of the cartilage elements in addition to the strong expression in the perichondrium. In contrast to the expression of Gli, which is strongest in the perichondrium of the shaft of the cartilage elements, the expression of Gli3 is strongest in the perichondrium of the joint regions.
The reciprocal domains of expression of Gli and Gli3 in the perichondrium is reminiscent of their relative distribution in other tissues such as the early limb bud (Marigo et al., 1996a; Platt et al., 1997) and the neural tube (Lee et al., 1997) . If, as proposed, Gli3 is a negative regulator of hedgehog targets, it could function in the perichondrium to prevent Ihh targets from being activated in the periarticular regions. On the surface this seems paradoxical, as PTHrP, a key downstream target of Ihh signaling, is specifically induced in the periarticular regions. However, the regulation of PTHrP by Ihh is likely to be indirect, via a secondary signal. Thus Ihh would directly activate targets only in the perichondrium flanking the prehypertrophic zone, where Gli is expressed. Secondary signals produced there would diffuse to the periarticular regions, where they would activate PTHrP expression. These secondary signals could also potentially act directly on the adjacent chondrocytes to regulate cell proliferation. Candidates for such secondary signals might be Bmp family members. A number of Bmp genes are expressed in the appropriate region of the perichondrium (Zou et al., 1997; Pathi and Vortkamp, unpublished data) and experiments utilizing activated forms of BMP receptors have implicated them in regulating PTHrP expression (Zou et al., 1997) .
By stage HH 34 of chick embryonic development, the Ihh expression domain has split into two domains flanking the hypertrophic chondrocytes in the center . As previously described, at this stage Ptc and Gli are expressed mainly in the perichondrium. However using the more sensitive full length Ptc probe, a weak signal is also detectable in the chondrocytes flanking the expression domain of Ihh, similar to that seen at stage 30 (data not shown), suggesting that Ihh may act at a low level within the cartilage itself. Interestingly, by day 14 of embryonic development, Ptc and Gli expression continues in the perichondrium flanking the Ihh expression domain, however at this stage an additional strong expression domain appears in the chondrocytes at the ends of the cartilage element Ihh (Fig. 2) . This strong expression domain is located distal to the weak expression of Ptc and Gli in the proliferating chondrocytes. Thus late in embryonic bone development, the cartilage itself appears to become a primary target of Ihh hedgehog signaling.
Signaling during postnatal cartilage differentiation
The basic structure and shape of the skeletal elements is determined during embryonic development, however the bones continue to grow postnatally until the animals reach their final adult size. As injuries to the proliferation zones of bones prior to adolescence can result in stunted growth, it is of clinical importance to determine whether the same regulatory mechanisms control embryonic and postnatal bone development. To analyze gene expression in postnatal bones, we utilized neonatal mice rather than chicken as, like humans, mice develop secondary ossification centers at the ends of their bones and form discrete growth plates, which could potentially be subject to different modes of regulation.
We have previously demonstrated that the genes that regulate chick bone development are also expressed during the growth phase of mouse embryonic skeletal development . Here we show that as in the chicken, Ihh is also expressed in the early condensing chondrocytes at embryonic day 12.5 (E 12.5) in mice and its expression is overlapped by a wider domain of Ptc expression (Fig. 3) . By E 14.5, when the cartilage elements are clearly defined and surrounded by a perichondrium, Ptc is strongly expressed in the perichondrium and the expression fades in the chondrocytes themselves (Fig. 3) . The pattern of expression of Gli and Gli3 (Mo et al., 1997) have been previously reported and are also similar to the patterns we observed in chick embryos at equivalent stages of bone formation indicating that the same mechanisms regulate chick and mouse embryonic bone formation.
We next examined the expression of these genes postna- (A,D) , Ptc (B,E,G) and Gli (C,F,H). Ihh is expressed in the differentiating chondrocytes. Ptc and Gli expression is found in the perichondriurn (arrows) adjacent to the expression domain of Ihh and in addition a strong hybridization signal is was detected in the resting chondrocytes distal to the proliferating zone. Weaker expression of both genes can also be seen in a subset of the proliferating chondrocytes (arrowheads) between the resting chondrocytes and the expression domain of Ihh. (G,H) Ptc and Gli expression in the chondrocytes at higher magnification. tally in P9 and P13 mouse tibias and compared them with markers of cartilage differentiation, Col-X (hypertrophic chondrocytes (Apte et al., 1992) ) and PTH/PTHrP receptor (early differentiating chondrocytes (Lee et al., 1995; Vortkamp et al., 1996) ). The pattern of gene expression is very similar to that observed in embryonic bones with Ihh being expressed slightly distal to Col-X, while the PTH/PTHrPreceptor is expressed even more distally, in less differentiated chondrocytes (Fig. 4) . These expression patterns are similar to those seen in the chicken , but the expression domains overlap to a much greater extent than during chick postnatal growth.
Ptc and Gli, which during embryonic stages are strongly expressed in the perichondrium, postnatally show an additional strong domain of expression in the chondrocytes distal to the expression domain of the PTH/PTH receptor (Fig.  4) . This expression is similar to that seen in the skeletal elements of E 14 chicken, and indicates that the target tissue of Ihh signaling shifts to include undifferentiated chondrocytes as the bones grow.
In the secondary ossification center, the patterns of gene expression are similar to those found in the primary ossification center. The hypertrophic cartilage marker Col-X is expressed in the central cells adjacent to the ossifying region. Ihh and the PTH/PTHrP receptor are expressed in overlapping domains in the differentiating chondrocytes. The expression domain of Ihh is very narrow in the secondary ossification center and Ptc and Gli are expressed in the surrounding, less differentiated chondrocytes (Fig. 4) .
In addition to its expression in the cartilage, the PTH/ PTHrP receptor is also expressed in osteoblasts, as previously described (Lee et al., 1995) . The highest level of expression of this gene is detected in the periosteum surrounding the bones and at the borders of the growth plate, where osteogenic cells are actively replacing the hypertrophic cartilage, both in the primary and secondary ossification centers (Fig. 4) . Surprisingly we found that the hedgehog target genes, Ptc and Gli, are also expressed in the ossifying region of the growth plate overlapping with the expression domain of the PTH/PTHrP receptor (Fig. 4) . This expression indicates either, that there is another hedgehog gene expressed in the growth plate, or more likely, that Ihh signals into two directions during postnatal bone growth, potentially regulating the ossification process in addition to the differentiation of chondrocytes.
Another group of proteins thought to play important organizing roles during bone development are the bone morphogenetic proteins (Bmp). These molecules were originally identified by their ability to induce bone formation in rodent muscles (Wozney et al., 1988) . They are expressed early in the areas of cartilage condensation and later specific Bmps are found in the perichondrium and in the chondrocytes themselves (Kingsley, 1994) . The importance of these signals in embryonic bone development has been demonstrated by loss of function phenotypes (Storm and Kingsley, 1996; Vortkamp, 1997) and by misexpression experiments. For example, retroviral misexpression of Bmp4 during chick limb development results in an extensive overgrowth of the cartilage elements (Duprez et al., 1996) whereas the misexpression of dominant negative Bmp receptors results in a shortening of the skeletal elements (Kawakami et al., 1996; Zou and Niswander, 1996) . The distribution of various members of the Bmp family have been previously described during bone development (for example (Carey and Liu, 1995; Erickson et al., 1997; Houston et al., 1994) . However, because of their established importance in bone morphogenesis, we wanted to spatially localize the expression of at least one member of this class relative to that of the molecules we have been studying. We therefore analyzed the expression of Bmp2 in the growth plate of mouse limbs and found that Bmp2 is expressed in the early differentiating chondrocytes adjacent to the most distal region of Ihh expression.
Expression of signaling molecules during fracture healing
Another context in which endochondral ossification takes place is the process of fracture repair. To analyze whether the same genes control repair through callus formation as act in embryonic development, we utilized two standard orthopedic models of bone repair. In a relatively stable mode the tibias of postembryonic day 6 (P6) mice were cut transversely and allowed to heal. As the mice were allowed free range of motion postoperatively, fractures in these animals would be expected to heal through callus formation. In the second, relatively unstable mode a segment of the tibia was removed. Due to the resulting gaps in the bone, the healing process is forced to include the formation of a callus. In our experience, both fracture models resulted in the development of large cartilage calluses and at the time points examined (3, 7, 14 and 21 days after fracturing) no significant differences in the healing of the bones were observed either histologically or in terms of gene expression.
Morphological staining with Safranin-Weigert showed that 3 days after inducing the fracture, the two ends of the bones are still non-unified; however, wound healing tissues had started to form. At this time point we found no or only limited regions of cartilage differentiation around the fracture site. After 7 days of healing, a large cartilaginous callus had formed, surrounding the fracture site. Subsequently, this callus is replaced by bone so that 14 days postoperative only small cartilage regions are left. By 3 weeks post fracture, the bones are reunited by hard callus, however, the shape of the bones is not normal at this stage and bone remodeling is still in progress (Fig. 5) .
The hypertrophic cartilage marker Col-X has previously been described as being expressed in the cartilaginous portions of the repair callus (Grant et al., 1987; Hiltunen et al., 1993a) . During normal bone development, Ihh is expressed in the prehypertrophic cells adjacent to and overlapping with those expressing Col-X. To see if this relationship is maintained during fracture healing, we compared the expression of Ihh to that of Col-X during the different stages of fracture repair. Three days after inducing the fracture neither Col-X nor Ihh are expressed in the fracture region of the limbs in most cases examined, consistent with the fact that cartilage is not detectable histologically at this stage (Fig. 5) . In the one case where we did detect the presence of cartilage at this stage with the Safranin-Weigert stain, we also found the expression of both Ihh and Col-X (Fig. 7) . By day 7 of the healing process, both genes are strongly expressed in the cartilaginous callus in overlapping regions, with the expression of Ihh slightly shifted towards the morphologically less differentiated chondrocytes (Figs. 5 and  6 ). After 14 days of healing both genes are again expressed in overlapping regions in the cartilage part of the callus (Fig.  5) . By this time the cartilage has been mostly replaced by bone so that the expression domains of the two genes are much smaller than on day 7. After 3 weeks, when the cartilage has completely been replaced by bone, neither Ihh nor Col-X are expressed (Fig. 5 ). Together these expression patterns suggest a role for Ihh in the process of fracture healing analogous to that seen during embryonic endochondral ossification, most likely as a regulator of chondrocyte differentiation.
We also examined the expression of the PTH/PTHrP receptor to see whether the feedback loop which regulates endochondral differentiation might also be operative during bone healing. By day 3 following surgery, the PTH/PTHrP receptor is strongly expressed in the periosteum at the site of the fracture, possibly indicating a function in activating the early process of membranous ossification (Fig. 7) . By postoperative day 7, the relative expression domain of the PTH/PTHrP receptor resembles that observed in the growth plate during postnatal growth: the PTH/PTHrP receptor is expressed in the differentiating chondrocytes of the cartilaginous callus, overlapping with the expression of Ihh and its expression is slightly shifted towards the less differentiated chondrocytes. In addition the PTH/PTHrP receptor is also strongly expressed in the region where osteoblasts invade and replace the cartilage (Fig. 6) .
To further evaluate the role of Ihh during bone repair, we analyzed the expression of Ptc and Gli to identify the potential target tissue of the signal. At all the stages in which we can detect Ihh expression in the chondrocytes, Ptc and Gli are expressed in the adjacent less differentiated chondrocytes. Therefore, as in the growth plate, Ihh seems to signal into two directions, potentially regulating chondrocyte differentiation and ossification during fracture repair (Fig. 6) .
As during postnatal bone development, we wanted to examine the expression of representative members of the Bmp family to get an indication of the spatial localization of their domains relative to those of the genes of the Ihh pathway. As in the postnatal growth plate, Bmp2 and Bmp4 are expressed in a subpopulation of chondrocytes which are morphologically less mature than those expressing Ihh. Bmp2 expressing chondrocytes form a thin zone immediately surrounding the Ihh expressing cells. This pattern is consistent with the idea that Ihh induces the expression of Bmp2 in the less differentiated cells which are the immediate neighbors of the cells producing the Ihh signal. However Ihh is apparently also acting on more distant cells as reflected by the broader domains of up-regulation of Ptc and Gli. In addition, Bmp4 is expressed in the fractured bone itself.
In this paper we have extended our knowledge of Ihh expression during the process of bone formation. During all stages analyzed Ihh is expressed in the chondrocytes themselves. The expression of the target gene Ptc however indicates that Ihh might have different functions at various stages of development. During the very early stages, when the cartilage elements are laid down, the target tissue appears to include the prechondrogenic cells themselves. Ihh might regulate the formation of the condensation by regulating proliferation or recruitment of chondrocytes or by blocking differentiation until a minimal size of the cartilage element is reached. As previously described , at later stages one important function of Ihh seems to be the regulation of hypertrophic differentiation by inducing a negative feed back loop through PTHrP, produced by the periarticular perichondral cells. Postnatally, when the secondary ossification centers develop in mice, Ihh is still expressed in differentiating chondrocytes. However at this stage an additional target tissue of Ihh signaling appears to be the less differentiated, resting cartilage, which is the source of both proliferating and differentiating cells. A second expression domain of Ptc in the ossifying region of the growth plate indicates a possible additional influence of Ihh on the ossification of the skeletal elements. We also extended our analysis of Ihh expression to the process of fracture healing. Based on the target tissues expressing Ptc, Ihh also seems to have a dual function during this process, regulating chondrocyte differentiation and the ossification of the cartilage callus. A role for Ihh signaling in fracture repair was also suggested by Le et al., 1997 (unpublished data) who analyzed the expression of Ihh, Bmp6 and Gli during fracture repair in an independent study.
All of the processes in which Ihh has been implicated by this analysis are also potentially modulated by the action of the Bmp family of proteins. Bmps have been shown to act at multiple stages of chondrogenesis including the formation of the initial condensations (Kingsley, 1994) and in regulation of PTHrP (Zou et al., 1997) . BMPs are also known to have activity in osteogenesis (Wozney, 1992) . Thus, in general, Ihh could act at least in part by modulating the expression of various Bmp genes. Understanding the relationships between these important genes will require further study.
Finally, the identification of secreted proteins which regulate the process of fracture healing raises the possibility that modulating these pathways will allow therapeutic intervention in bone repair. Moreover, the fact that the same signals are apparently used for similar purposes in bone development and repair suggests that information gained from embryological studies will provide further insights into the repair process.
Experimental procedures
In situ hybridization
Pathogen-free outbred chicken eggs were obtained from SPAFAS (Norwich). Whole mount in situ hybridization was carried out as described (Riddle et al., 1993) with the modification that embryos older than stage 25 were treated with a four-fold higher concentration of proteinase K than in the original protocol. Radioactive in situ hybridization was done with [
33 P]UTP-labeled probes on 6 mm sections (Tessarollo et al., 1992) The hybridization was carried out in 50% formamide at 70°C and posthybridization washes were carried out at 55°C in 50% formamide and 2× SSC. For serial sections, three continuous sections were successively collected onto 6-10 alternating slides. Slides were exposed for 2-7 days and counter stained with tolouidine blue.
Probes for in situ hybridization were: clhh, cGli, rPTH/ PPTHrP-receptor, rPTHrP as described in Vortkamp et al. (1996) ; cPtc: a full length cDNA clone in pBluescript; cGli3 (Marigo et al., 1996a) ; mlhh (Bitgood and McMahon, 1995) , a gift of A.P. McMahon; mPtc , a gift of M. P. Scott; mGli (Hui et al., 1994) , a gift of A.L. Joyner; mBmp2 and mBmp4 (Jones et al., 1991) , a gift of B.L. Hogan; mCol-X (Apte et al., 1992) , a gift of B.R. Olsen.
Mouse fracture models
Five-day-old C57/B6 mice were used for making tibial fractures in one of two modes with the contralateral tibiae serving as unoperated controls (modified after (Hiltunen et al., 1993b) . The mice were anesthetized with methoxflurane chlorohydrate. Sterile techniques were employed throughout. Under an operating microscope, the right tibia was exposed at midshaft. In the relatively stable mode, the tibia was cut transversely with microscissors proximal to the level at which the tibia and fibula join. In the relatively unstable mode, a 1.5 mm segment of tibia was removed distal to this region. In all animals, the muscle and skin were reapproximated with 10-nylon microsuture. Following recovery from anesthesia, the mice were returned to their litters for nursing and subsequent activity ad libitum. Three animals with each mode of fracture were sacrificed by methoxflurane overdose at 3, 7, 14 and 21 days postoperatively. The fractured legs and contralateral controls were harvested and fixed in formalin. The bones were decalcified for 3-4 days in 20% EDTA, 0.1 M NaPO4 (pH 7.6). After several washes in phosphate buffered saline (PBS) the limbs were dehydrated and embedded into paraffin (Tessarollo et al., 1992) .
